Background. Late-onset sepsis is a major problem in neonatology, but the habitat of the pathogens before bloodstream invasion occurs is not well established.
caused by pathogens acquired from the amnion or birth canal [3] , the origin of bloodstream infections in premature infants that occur between 72 hours of age and discharge from neonatal intensive care units (NICUs) is less well established. Staphylococcal bloodstream infections probably originate from the skin [4] , but the assumption that the gut harbors pathogens that cause episodes of lateonset sepsis that are unrelated to line infections has not been proven using whole-genome sequencing.
Here, we combined culture-based microbiology and whole-genome sequencing to determine how often stools collected before episodes of sepsis contain the organisms that later invade the bloodstream. We also sought to determine if such organisms are appreciably prevalent among premature infants who do not have sepsis.
METHODS

Study Design
This prospective observational case-cohort study was approved by the Washington University Human Research Protection Office. Subjects, who were enrolled after parents provided informed consent, were participants in a study of risk factors for necrotizing enterocolitis. The present study had 3 prespecified analyses: First, we sought to test the hypothesis that infants with late-onset sepsis harbored organisms in their stool that provisionally matched their bloodstream isolate. A pair of isolates was considered to be provisionally matching if the members of the pair share traits appropriate to their species, namely, serotypes (group B Streptococcus [GBS]), sequence types (STs) (GBS and Escherichia coli), and random amplified polymorphic DNA (RAPD) patterns (E. coli). Second, we genome sequenced all blood and a subset of provisionally matching stool isolates from cases (see definition below), and measured pairwise degrees of strain identity by calculating operational variation indices (OVIs) (Supplementary Appendix). The OVI accounts for intrinsic (false) assembly variation, and identifies operationally isogenic bacteria. Third, we determined the frequency with which infants without sepsis in this study cohort harbored in their guts bacteria that provisionally matched those that caused bloodstream infections in subjects with sepsis.
Inclusion criteria were (1) birth during a 632-day interval starting in 2009, (2) birth weight ≤1500 g, and (3) admission to the St Louis Children's Hospital NICU. Infants not expected to survive their first week of life were excluded. All infant stools were collected, stored briefly (4°C), and frozen (−80°C) until analyzed. Stool samples from subjects' mothers were also collected, if available, while the mothers were still in hospital. Cases were defined as infants whose first episode of late-onset sepsis was diagnosed by blood culture drawn after 72 hours of life, if that culture yielded bacteria generally considered to be pathogenic [5] . Subjects were excluded from analysis if their bloodstream isolates were of uncertain virulence (eg, coagulase-negative staphylococci were excluded) or posed logistic difficulties in differentiating them from endogenous fecal strains (eg, enterococci), or if the subjects did not produce sufficient stools before the day of sepsis (Figure 1 ). The day ofsepsis was defined as the collection date of the first blood culture that yielded the qualifying pathogen. All stools that had been collected from all cases before such episodes of qualifying sepsis were subjected to species-appropriate techniques to isolate the organism that matched the bloodstream pathogen (Supplementary Table 1) . Cases who produced stools before the onset of sepsis that contained an organism that provisionally matched the bloodstream isolate were termed "precolonized."
Next, we assembled 2 comparison groups of infants without sepsis (Supplementary Data). The first, an overlap comparison group, consisted of study subjects who resided in the NICU at the same time that an episode of sepsis occurred in a precolonized case. This overlap group enabled us to determine the frequency of asymptomatic colonization with a sepsis-causing strain among infants in proximity to such cases. The second, a random comparison group, consisted of a sample of all study subjects throughout the entire NICU without sepsis, to determine the overall rate of asymptomatic colonization with the pathogens of interest. For cases and comparison groups, the days of events of interest were the day of sepsis or the day the analyzed stool was produced, respectively.
Laboratory workers who sought GBS or E. coli in stools were blinded to the septicemic or nonsepticemic status of the subjects from whom specimens originated. Genome Institute staff members were blinded to the subject status of all stool isolates.
Statistical Methods
We used the Fisher exact or Wilcoxon tests for proportions and medians, respectively. Two-tailed P values <.05 were considered significant. Data were collected and managed using REDCap tools at Washington University [6] . For all categorical variables, values represent number of subjects for whom the variable applies, with the denominator being the number of subjects in the respective columns. All other values are median (interquartile range). P values relate comparison group subjects to cases 1-7, and are provided only if < 0.05.
Abbreviation: NEC, necrotizing enterocolitis. a All stools produced by cases 1-7 prior to sepsis, including on day of sepsis if stool was produced before blood culture was drawn.
b All stools produced by cases 1-7 in 10 days prior to sepsis, including on day of sepsis if stool was produced before blood culture was drawn.
c The positive specimen rate for the 175 tests performed on the 60 random comparison specimens for GBS, Serratia marcescens, and Escherichia coli were compared with rates of positivity for these pathogens for all presepsis stools, and those collected in the 10 days before sepsis, among the cases. All comparisons were highly significant (P < .001). The overlap comparison group was not subjected to such analysis, because the groups were not microbiologically independent, and the overlap comparison group was used only to identify the extent of asymptomatic colonization in close proximity to cases. d Statistically significant values were obtained only for the 5-minute Apgar scores.
e Specimen of interest was blood culture that yielded a qualifying pathogen (cases 1-7), or stool (comparison groups).
f Percentage of all days of life prior to collection of specimen of interest on which antibiotics were administered.
g No. of consecutive antibiotic-free days immediately preceding collection of specimen of interest.
h No. of days intubated prior to collection of specimen of interest.
i Among the subjects discharged home alive.
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RESULTS
Characteristics of Cases Whose Stools Were Colonized Before Sepsis With Bloodstream Isolate
Of the 217 subjects studied, 15 met the case definition of sepsis with a qualifying pathogen, and 11 had sufficient presepsis stools for study ( Figure 1 ). Blood cultures were drawn because of apnea, respiratory failure requiring initiation of, or increased, ventilator assistance, bradycardia, fever, tachypnea, leukocytosis, leukopenia, and concerns about necrotizing enterocolitis. Cases 1-7 produced at least 1 stool before their episode of sepsis that contained an organism (GBS, S. marcescens, or E. coli) that provisionally matched their bloodstream isolate, whereas the presepsis stools of cases 8-11 did not contain organisms that provisionally matched those recovered from their blood (discussed below) ( Tables 1 and 2 ). Bacteria provisionally matching the corresponding bloodstream isolate were recovered from 24 of the 89 (27%) stools produced by cases 1-7 before sepsis occurred, and from 20 of the 34 (54%) stools collected from these 7 infants during the 10 days immediately before the episode of sepsis (Tables 1 and 2 , Figure 2 ). Escherichia coli with RAPD profiles indistinguishable from the corresponding bloodstream E. coli from cases 3 and 5 were present in all stools produced by these 2 cases before sepsis (Table 2) . We interpret these data to mean that the bloodstream pathogens occupied the guts of these infants at the time of their first bowel movement, well in advance of sepsis. In contrast, gut colonization occurred closer to the days on which sepsis occurred in the 5 other cases whose bloodstream infections were caused by GBS and S. marcescens. e Overlap comparison subject 3 and random comparison subject 1 are the same individual, sampled 9 days apart.
f Stool from mother of case 3, obtained 2 days after delivery (corresponds to DOL 2 in infant, and day of study 395), contained an E. coli that provisionally matched infant's bloodstream isolate.
Characteristics of Nonsepticemic Infants
Members of both comparison groups weighed more at birth, had greater 5-minute Apgar scores, received antibiotics on fewer days before the specimen of interest was obtained, and were discharged home at younger ages than the precolonized cases. The overlap comparison group also had a greater gestational age at birth and achieved the first antibiotic-free day of life at an earlier age than the precolonized cases. Of the 96 overlap comparison group subjects, 3 (3%) and 1 (1%) produced stools that contained GBS and S. marcescens, respectively, that provisionally matched bloodstream isolates from their corresponding cases (Tables 1 and 2 , Figures 1 and 2) . Moreover, each of these 4 subjects resided in bed spaces in close proximity to their corresponding cases in the same multipatient rooms. Only 1 random comparison group stool contained a pathogen of interest. This infant 9 days earlier had served as an overlap comparison subject for case 6 , and both of the tested stools contained GBS that provisionally matched the case 6 bloodstream isolate.
Maternal Stools
Maternal stools were available only from the mothers of precolonized cases 3, 6, and 11 for testing in our laboratory, and the only such specimen to yield an organism that provisionally matched a bloodstream isolate was the stool of the mother of case 3. The mothers of cases 1 and 4 were tested for peripartum GBS colonization per their obstetric records, and were negative.
Characteristics of Infants With Bloodstream Infections Whose Stools Did Not Yield the Bloodstream Isolate
Cases 8-11 had bloodstream infections caused by methicillinresistant Staphylococcus aureus (MRSA) (n = 2), Klebsiella pneumoniae (n = 1), or serotype III ST19 GBS (GBS III ST19) (n = 1), but their presepsis stools did not contain these Figure 2 . Precolonized case and overlap comparison group stool culture results. Case 1 annotations apply to all cases. Boxes in bottom rows represent 10 days before sepsis (including day of sepsis if stool was produced before blood culture was obtained). Box with number is day of sepsis; number denotes day of life the episode of sepsis occurred. Boxes above bottom row represent all overlap comparison group specimens relative to day of sepsis in corresponding case, including those collected on the day after sepsis (cases 3 and 6). Inset describes key to positive, negative, and nontested specimens. Abbreviation: GBS, group B Streptococcus. organisms. However, multiple stools from case 11 contained GBS II ST88 before and after the day of sepsis caused by GBS III ST19, and 1 stool obtained 17 days after the day of sepsis contained GBS III ST19 (Table 2) .
Whole-Genome Sequencing
Genome sequencing details are provided in Supplementary  Table 2 . The following pairings of sequenced isolates demonstrated operational isogenicity: within-host bloodstream and provisionally matching fecal GBS, E. coli, and S. marcescens from cases 1-7 (median OVI, 0.26; interquartile range [IQR], 0.18-0.34); bloodstream isolates from cases 1, 3, 6, and 7 and provisionally matching fecal isolates from their 4 overlap comparison subjects, the random comparison subject who also was an overlap comparison subject for case 6, and the mother of case 3 (median OVI, 0.63; IQR, 0.24-1.2; P = .42 vs median intrahost OVIs). In contrast, individual bloodstream GBS and E. coli were quite distinct from each other, consistent with their different serotypes and STs (median OVI, 589 for all pairwise comparisons; IQR, 512-935; P < .0001 vs within-host pairings for these particular species). However, case 2 and 7 bloodstream S. marcescens, recovered 256 days apart, were operationally isogenic (OVI, 0.24).
The bloodstream GBS III ST19 from case 11 was much less similar to the fecal GBS II ST88 strains from that case (median OVI, 413; IQR, 411-414) than to the fecal GBS III ST19 isolated from the stool on the 17th day after sepsis (OVI, 0.48).
DISCUSSION
In this prospective cohort study, we documented enteric colonization with pathogens that subsequently invaded the bloodstream of premature infants. Our application of wholegenome sequencing to within-host tracking of pathogens that are largely susceptible to antibiotics and that caused infections in a nonoutbreak setting extends this powerful technology beyond antibiotic-resistant hospital infections [7] [8] [9] [10] . The high degree of operational isogenicity between corresponding isolates provides an unprecedented level of verification of identity between enteric and bloodstream bacteria, as has been suggested by less precise typing methods, usually antimicrobial resistance [11] [12] [13] [14] [15] . Furthermore, our demonstration of intestinal colonization with operationally isogenic pathogens in infants in temporal and spatial proximity to precolonized cases of late-onset sepsis strongly suggests interpatient transmission within NICUs. Our data probably underestimate the number and magnitude of such time-space colonization microclusters and interinfant flow of such pathogens. Specifically, our cohort was limited to infants with birth weights ≤1500 g, so stools from additional children at risk for colonization were not analyzed. Härtel et al recently described microclusters of late-onset neonatal sepsis in nurseries [16] . We expand this concept to include microclusters of asymptomatic colonization associated with single cases of bloodstream infections.
Current efforts to prevent late-onset sepsis focus on catheter care and hand hygiene, but our data draw attention to pathogens harbored in the gut. Microbiologic surveillance of stool might detect infants whose stools contain organisms with potential to invade the bloodstream, which then might prompt augmented hygienic measures to limit the size of colonization microclusters. Sepsis does not generally obligate contact precautions, but it is concerning that case 11 shed potentially invasive GBS of 2 serotypes for at least 21 days after parenteral antibiotics were started. Also, microbiologic assessment of stools could be used to promote more rational use of antibiotics in premature infants [17] . For example, knowledge of the identity and antibiotic susceptibilities of bacteria that colonize the gut has been used to inform the choice of empiric antibiotics in adult intensive care units [15] .
By identifying enteric colonization with high-risk organisms, strategies might be developed to prevent bloodstream infections. One tactic worth considering would be specific pathogen decolonization guided by microbiologic diagnosis to reduce the risk of sepsis among the colonized. At the very least, identification of a colonized infant could heighten vigilance for the earliest signs of sepsis in that child. Indeed, prepartum screening [18] and intrapartum antibiotics [19] [20] [21] have dramatically reduced the incidence of early-onset GBS disease, but the incidence of late-onset GBS sepsis, which, like early-onset GBS disease has major sequelae [5, 22] , remains constant [19, 21, 23] . We recognize that identifying the subsets of fecal E. coli that are potentially invasive presents challenges because of the high rate of colonization with this diverse species (most of the members of which are commensals) and the multiple different pathotypes of E. coli that cause invasive neonatal disease [24] . However, the presence of extended-spectrum β-lactamaseproducing gram-negative bacilli in stools of hospitalized adults is strongly associated with subsequent sepsis [13, 14] , and E. coli K1 has enhanced ability to cause neonatal sepsis [25] . Hence, it is conceivable that E. coli with traits associated with invasion might be detectable in stool before dissemination ensues. In any event, surveillance strategies for asymptomatically colonized infants, and responses to positive cultures, will need careful development and likely be organism-specific. For example, our data raise the possibility that the presence in feces of GBS or S. marcescens might by itself be sufficient to predict a high likelihood of subsequent bloodstream infection.
Our findings expand our understanding of the biology of late-onset sepsis. The presence of GBS in stools in advance of sepsis in infants who were not in respiratory distress suggests that in late-onset infections, GBS invades hosts from the gut. The E. coli that caused late-onset sepsis in cases 3 and 5 were probably acquired at or soon after birth, because these infants shed this pathogen in each of their stools. The colonization of the mother of case 3 suggests vertical transmission, as this infant was delivered vaginally. In contrast, gut colonization with GBS and S. marcescens seemed in this small cohort to be acquired later in life, from unknown sources.
Case 11, whose bloodstream GBS III ST19 was found in stool only after sepsis, whereas multiple presepsis stools contained GBS of a different serotype and ST, warrants comment. We might have overlooked scarce GBS III ST19 among abundant GBS II ST88 in the presepsis stools; this sepsis episode could have been caused by GBS belonging to 2 different lineages with similar colony morphology and we stored only 1; or GBS III ST19 might have seeded the stool during the episode of sepsis. In any event, this case demonstrates that premature infants can harbor multiple GBS strains for prolonged periods, and also suggests that parenteral antibiotics fail to rapidly clear GBS from the gastrointestinal tact.
Modern sequencing technology, although increasingly economical, yields multiple apparent genomic variants in interstrain comparisons, probably related to data alignment issues. Because the effort required to validate or refute the presence of these variants would be considerable, we developed the easily calculable OVI, which addresses the intrinsic false variant rate by taking into account the number of intraisolate variants generated when a sequence is aligned to itself. The validity of this metric is suggested in case 11: The OVI for the serotype III ST19 GBS from blood and postsepsis stool was nearly 1000-fold less than the OVIs for the genomic alignments of the isolate and the serotype II ST88 GBS fecal strains. The extent to which isogenicity can be inferred from genome data depends on context, including the genomic plasticity of the particular organisms being compared, and the sequencing and alignment tools used. However, a low OVI provides, at least for the purpose of a study such as ours, a high degree of certainty that provisionally matching isolates are operationally isogenic.
This study has several limitations. First, bacteria might lose viability during freezing and thawing of stools prior to culture, leading to falsely negative specimens, and we do not know the precise sensitivity of detection of the target organisms using our culture protocol. However, any lack of sensitivity should apply to cases with sepsis and to subjects without sepsis, so this should not bias comparisons between these groups. We are planning sequence-based methods to measure pathogen density in our samples, which might also shed light on the intestinal microbiome as a risk factor for sepsis [26, 27] . Second, pathogens such as S. aureus and K. pneumoniae might have extraintestinal venues before they invade the bloodstream that were not cultured in this study. Third, there are challenges inherent to the selection of appropriate comparison specimens and subject groups, which should be borne in mind in future efforts to calculate the relative risk of bloodstream infection among colonized neonates. Specifically, groups of compared infants will need to be of sufficient sizes to address the many different host factors that might predispose to sepsis, and the possibility that colonization and invasion risk might vary between species. Also, for organisms that colonize the gut only briefly before they invade the bloodstream, the most appropriate comparison might be between specimens obtained immediately before sepsis and those obtained earlier in life, ie, an acute infection model. Nonetheless, the rarity of sepsis-causing bacteria in the comparison specimens suggests that the risk of dissemination after the gut is colonized is substantial. Fourth, we did not seek coagulase-negative staphylococci in the stool. In premature infants, coagulase-negative staphylococci can be bona fide bloodstream pathogens, but their presence in blood cultures could also reflect skin contamination of the media [28] . Future research to address colonization with actionable coagulase-negative staphylococci would be worthwhile [29] , but the study design will need to take into account the very high rate of cutaneous colonization with this species, which could complicate analysis. A final limitation of our study is that we had few maternal stools with which to determine the extent of possible vertical transmission.
In summary, late-onset sepsis is preceded by adventitious colonization of the gastrointestinal tracts of premature infants by specific organisms. These infections are quite consequential: Late-onset sepsis caused by the types of bacteria we recovered from cases 1-7 has mortality rates in excess of 20% [5, 30] , and the incidence of late-onset sepsis might be rising [31] . Hence, there is a compelling need for new strategies to prevent the dissemination of bloodstream pathogens between and within premature infants, and our findings suggest that efforts should focus on gut microbes. Expansion of our study to larger cohorts will determine the generalizability of our findings and facilitate construction of predictive models. Novel strategies to consider to control late-onset sepsis include surveillance and reactive (to positive specimens) and selective ( pathogen-specific) decontamination. However, the evaluation of such interventions will require careful planning, validation, and implementation.
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